eople meeting diagnostic criteria for anxiety or depressive disorders tend to score high on the personality scale of neuroticism. Studying this dimension of personality can therefore give insights into the etiology of important psychiatric disorders. Neuroticism can be assessed easily via self-report questionnaires in large population samples. We have examined the genetic and phenotypic stability of neuroticism, measured up to 4 times over 22 years, on different scales, on a data set of 4999 families with over 20,000 individuals completing at least 1 neuroticism questionnaire. The neuroticism scales used were the Eysenck Personality Questionnaire revised (EPQ-R), the EPQ-R shortened form, and the NEO 5 factor inventory personality questionnaire. The estimates of heritability of the individual measures ranged from .26 ± .04 to .36 ± .03. Genetic, environmental, and phenotypic correlations averaged .91, .42, and .57 respectively. Despite the range in heritabilities, a more parsimonious 'repeatability model' of equal additive genetic variances and genetic correlations of unity could not be rejected. Use of multiple measures increases the effective heritability from .33 for a single measure to .43 for mean score because of the reduction in the estimate of the environmental variance, and this will increase power in genetic linkage or association studies of neuroticism.
Every major theory of personality (Cattell et al., 1970; Cloninger, 1986; Costa & McCrae, 1985; Digman, 1990; Eysenck, 1962) and temperament (Prior, 1992 ) identifies a construct which represents an individual's tendency to experience psychological distress or 'neuroticism'. The construct of neuroticism is extraordinarily robust (Costa & McCrae, 1986) , and is identifiable in a diverse range of cultures across the world and across the socioeconomic spectrum (Eaves et al., 1989) . Individuals with high neuroticism scores are characterized by emotional instability, low self-esteem, and feelings of anxiety, depression, and guilt. Neuroticism scores are found to be high in those suffering from psychiatric disorders such as major depression and anxiety disorders (Hirschfeld & Klerman, 1979 ). Prospective studies demonstrate that neuroticism or neuroticism-like traits predict future major depression (Angst & Clayton, 1986; Boyce et al., 1991; Hirschfeld et al., 1989; Kendler et al., 1993; Nystrom & Lindegard, 1975) . Furthermore, neuroticism is a strong predictor of first onset of major depression (Boyce et al., 1991; Hirschfeld et al., 1989; Kendler et al., 1993) . Self-report questionnaires can be used to score neuroticism as a quantitative trait measurable on large population cohorts (Kirk et al., 2000a; Martin et al., 2000) . Therefore, study of neuroticism in large populations is relatively easy and can give insights into the etiology of important psychiatric disorders (Flint, 2004) .
The Eysenck Personality Questionnaire revised (EPQ-R; Eysenck et al., 1985) and the NEO five factor inventory personality questionnaire (NEO; Costa & MacCrae, 1991) are two of the most widely administered self-report questionnaires for measurement of neuroticism. The EPQ-R consists of 23 questions, or 12 questions in the shortened form (EPQ-RS). The NEO questionnaire includes 12 questions in the neuroticism domain, and compared to the EPQ-R, probes angry hostility, self-consciousness, impulsiveness, and vulnerability, as well as anxiety and depression. Only a handful of studies have measured neuroticism using different instruments on the same cohort of people; two studies which compared the neuroticism scales of the EPQ-RS and the NEO completed in the same session found correlations between instruments of .77 (Aluja et al., 2002) and .85 (Gow et al., 2005) . Neuroticism scores have been found to be robust measures over time, with testretest correlations (using the same instrument) of .79 (Nash et al., 2004 ) to more than .90 (Birley et al., 2006; Martin et al., 2000) for measurement intervals of up to 2 years, and approximately .60 for scores measured up to 6 years (Viken et al., 1994) or 19 years (Birley et al., 2006) apart.
It is well established that neuroticism is partially under genetic control (Flint, 2004; Fullerton, 2006) . Heritability estimates for neuroticism range from 30% to 54% (Fullerton et al., 2003; Kirk et al., 2000a; Lake et al., 2000; Viken et al., 1994) . Twin studies have consistently shown no evidence for a shared common environmental component (Jardine et al., 1984; Lake et al., 2000; Viken et al., 1994) , but correlation of monozygotic (MZ) pairs greater than twice the correlation for dizygotic (DZ) pairs suggests a nonadditive genetic component (15%) contributing to the variance . On average, women score higher for neuroticism than men, but heritability estimates are mostly consistent across sexes (Fullerton, 2006; Fullerton et al., 2003; Lake et al., 2000) . However, opposite sex sibling correlations (Fullerton et al., 2003; Jardine et al., 1984) and mother-son correlations have been reported as lower, suggesting that there may be some sex-specific gene action. Only one study has reported genetic correlations between longitudinal measures of neuroticism scores taken over a 6-year period, and correlations averaged .88 across all age groups (Viken et al., 1994) .
Here we report a genetic analysis of neuroticism from a large study sample of twin families from Australia. Individuals have been measured for neuroticism up to 4 times over a 22-year period, and on different scales. The study presented is preliminary to genetic association studies, and to a genetic linkage study in which some families were selected for genomewide genotyping with microsatellite markers. We wished to maximize power of the linkage study, first, by maximizing the sample size, even though participants may have been measured on different neuroticism scales, and second, by using all measures of neuroticism collected on each participant, even though measures were on different scales and ascertainment for one measure was limited to those scoring extremely high or extremely low on an earlier measure of neuroticism. We investigate the genetic and phenotypic stability between measures, and examine whether the measures of neuroticism can be treated as repeated measures of the same underlying trait (i.e., equal additive genetic variances and additive genetic correlations of unity).
Methods

Participants and Measures of Neuroticism
All participants were adult twins and their families recruited through the Australian Twin Registry, and were overwhelmingly of Northern European ancestry. All provided written informed consent under study protocols approved by the Queensland Institute of Medical Research Human Research Ethics Committee. Each individual could have up to four measures of neuroticism measured at four different times, these (or their transformations, discussed below) are referred to as N 80 , N 89 , N 99 and N 02 , with these trait codes reflecting the approximate year in which the scores were collected, namely 1980, 1989, 1999 and 2002 . The questionnaires administered were EPQ-R for N 80 and N 99 , EPQ-R-S for N 89 , and NEO for N 02 . The participants contributing N 80 , N 89 , and N 99 measures are described in detail elsewhere (Kirk et al., 2000a) . Briefly, participants contributing N 80 or N 89 scores were ascertained solely on the status of being a twin registered through the Australian Twin Registry or, in the case of N 89 , being a family member of a registered twin. The participants contributing N 99 measures were ascertained as sibling pairs selected for discordance or concordance with respect to extreme neuroticism or anxiety or depression scores, but mostly based on extreme N 89 score: one sibling in the top or bottom decile, the other sibling in the top or bottom quintile, excluding MZ twin pairs, and allowing for selection of multiple siblings per family, in an Extreme Discordant and Concordant (EDAC) design (Risch & Zhang, 1995) . About 90% of those selected to participate in the N 99 agreed to participate (Kirk et al., 2000a) , resulting in participation by approximately 80% of complete sibling pairs, with more refusals from those who scored high on N 89 neuroticism (Kirk et al., 2000a) . The participants in the 1999 study had the opportunity to complete the EPQ-R by telephone interview and/or by mail (sent out in the letter that requested the telephone interview). Of those who completed at least one questionnaire, approximately 80% completed both within a short time period, with a test-retest correlation of .9 (Birley et al., 2006; Kirk et al., 2000a) between the scores. The two scores were averaged for analysis in this study. Full details of ascertainment of the 1999 cohort are given in Kirk et al., and analyses of the long-term stability of the N 80 , N 89 , and N 99 measures are reported in Birley et al., where the 1980 Birley et al., where the , 1989 Birley et al., where the and 1999 studies are named Canberra, Alcohol cohorts (where 'Alcohol' does not refer to any ascertainment criteria), and Anxiety studies, respectively (Birley et al., 2006; Kirk et al., 2000a) . The participants contributing N 02 measures were ascertained as being extended twin families with a high incidence of smokers as part of an ongoing Nicotine Addition Genetics study (Saccone et al., 2006) . Many (MZ) twin pairs had measures for N 80 and N 89 , but MZ individuals were only selected for measurement of N 99 and N 02 if they had another sibling.
Standardization of Neuroticism Scores
EPQ-R (EPQ-R-S) neuroticism scores are the sum of n = 23 (12) binary scores (yes = 1, no = 0), and such data typically deviate from normality by having heavy tails ('basement-ceiling effects'). For the NEO Five Factor Inventory each item is scored as on a scale of 1 = strongly disagree to 5 = strongly agree. Scores were converted to a 0 to 4 scale with all high scores reflecting a tendency to neuroticism. The NEO neuroticism score is a sum score with range 0 to n = 48. Cronbach's α, a measure of reliability of the individual items contributing to the sum score was > .80 for all measures (Table 1) . As in other studies (Birley et al., 2006; Fullerton et al., 2003; Kirk et al., 2000b) , the averaged angular transformation (Freeman & Tukey, 1950) was applied to normalize the distributions of neuroticism scores,
where y is the raw neuroticism sum score. In this way, the scores from different measures were expressed on the same scale. The neuroticism scores used in the analysis were residuals from regression of the transformed neuroticism scores on age, sex, and age*sex (and age 2 and age 2 *sex for N 89 ), which were standardized separately for each sex. Since the N 99 study sample was a selected group, and the effect of selection is to increase the variance of the observed measures, the N 99 measures were standardized using the variance of the N 89 cohort, as this was sampled from the same population from which the participants for the N 99 study were selected. Finally, an average neuroticism score was calculated for each person, denoted Nbar, recording the number of measures contributing to each average.
A description of the phenotypic data sets is given in Table 1 ; to be included, families had to contribute two genetically related individuals, with a neuroticism score and known age of measurement. The proportions of people with each pairwise combination of measures are listed in Table 2 .
Estimation of Genetic Parameters
Additive genetic and environmental variance and covariance components were estimated for the four neuroticism measures in ASReml (Gilmour et al., 2002) , a statistical package that fits general linear mixed models using Residual Maximum Likelihood (REML), and accounts for all relationships between individuals through the additive genetic relationship (twice kinship) matrix (see Appendix A). Additive genetic and residual variances and correlations were estimated after iterative maximization of the residual likelihood. Variance-covariance matrices were constrained to be positive definite. Heritabilities and phenotypic correlations were calculated from the estimated variances and correlations.
All families with two or more related individuals, each with one or more measures of neuroticism, were included in the analysis (Table 1 ). This multivariate analysis ensures unbiased estimates of the variance components for neuroticism measure N 99 , which was only scored on people included in the EDAC study, who were selected (mostly) on the basis of their N 89 score. Common environmental effects were not included in the model, as some of the data sets (N 99 , N 02 ) had few MZ twins measured, and previous analysis of subsets of our data (Birley et al., 2006; have consistently shown no evidence for influence of common environmental effects between siblings. Therefore, in this analysis, if both members of a MZ twin pair were measured, then the average
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A small number of families only contributed half-sibling pairs.
a high full-sibling correlation reflects the ascertainment for inclusion in the 1999 study.
score of the pair was used (results did not differ significantly if one MZ was chosen at random). Our hypothesis was that different measures of neuroticism could be treated as repeated measures of the same underlying trait, despite the time between measures, despite the different instruments used, and despite the ascertainment. Our interest was in the estimation of the additive genetic variances and covariances between measures. Our multivariate model utilizes the measures on parents as well as children. To give insight to the sources of information contributing to the heritability estimates, correlations between full siblings, parent-offspring, and spouses were calculated in SIB-PAIR (Duffy, 2006) . To test our hypothesis, the model in which all variances and correlations were estimated was compared, using a Likelihood Ratio Test (LRT), to a model in which additive genetic variances for all measures were constrained to be equal, and genetic correlations were constrained to be equal to 1.0. To add insight to these results, we performed bivariate analyses of N 89 with each of the other measures of neuroticism, and used LRTs to compare models in which additive genetic variances for both measures were constrained to be equal, and the genetic correlation between measures were constrained to be 1.0. N 89 was chosen for this comparison because a high number of individuals with each of the other measures also have an N 89 measure. The heritability of the mean neuroticism score Nbar was estimated in a univariate model using the !wt option of ASReml, which accounts for the number of measures contributing to each individual's mean score. Figure 1 shows the distribution of N 89 scores for those with and without N 99 scores. The distribution of those with N 99 scores is clearly bimodal, reflecting the success of the EDAC selection and participation rates for the N 99 study. However, after transformation and standardization, N 99 showed a reverse 'J' distribution, as described previously for raw scores (Kirk et al., 2000) . A positive correlation (r = .16) was found between N 89 and the absolute difference between N 89 and N 99 , showing that low neuroticism scores are more repeatable over time than high neuroticism scores, but there was not a strong genetic or common environment component to this difference (full sibling correlation -.04).
Results
The heritabilities resulting from the analysis in which all variance and correlations were estimated range from .26 ± .04 to .36 ± .03 (Table 3) ; the differences may reflect the measurement scale and/or the relationship pairs contributing to the estimates. Fullsibling and parent-offspring correlations (Table 1) provide insight into the information from different relationships that contribute to the estimates of heritability. Phenotypic (test-retest) correlations between the measures of neuroticism averaged .57, range .45 ± .04 to .65 ± .01. The phenotypic correlations were higher between the EPQ measures N 80 , N 89 , and N 99 , (mean of 0.61), than between these measures and N 02 (0.45-0.58), which may reflect the different emphasis of some of the items included in the NEO personality inventory neuroticism domain, but the lowest correlation is between the measures most distant in time.
The genetic correlations between the EPQ measures are all greater than .90 (with standard errors .04 to .09). The genetic correlations between these measures and the NEO measure N 02 have higher standard errors (.10 to .19), reflecting the smaller number of individuals in common between the studies, but still range from .82 to .95. The genetic correlations showed no trend over time. In contrast, the correlations of residual errors (or individual unique environment) were much lower than the genetic correlations (average .42), and showed a clear trend, declining with time. The more parsimonious repeated measures model of forcing additive genetic variances for all measures to be equal, and all genetic correlations to be unity, was not significantly different from the full model, with all additive genetic variances and genetic correlations estimated (p = .44, LRT of χ 2 9 , 9 df because 9 fewer parameters are estimated). Under this parsimonious model, the average heritability was .30. To add insight to this result, we undertook bivariate analyses between N 89 and each of the other neuroticism measures, comparing a model in which both additive genetic variances and the genetic correlation were estimated, with a model in which additive genetic variances were forced to be equal and the genetic correlation constrained to be 1.0. LRTs with 2 df showed that the more parsimonious repeated measures model could not be rejected (N 89 and N 80 , p = .12, N 89 and N 99 , p = .71, N 89 and N 02 , p = .38). The heritability of the single trait of mean neuroticism score was .43 ± .01, higher because of the reduced environmental variance from the multiple measures.
Discussion
We have examined the genetic and phenotypic stability of neuroticism, measured up to 4 times over 22 years, on different scales, on a dataset of 4999 families, with over 20,000 individuals completing at least one neuroticism questionnaire. When all parameters were estimated freely, the heritabilities were higher for the two EPQ-R measures, based on 23 questions, as opposed to the EPQ-R-S and NEO, which use only 12 questions, as is expected for longer scales. Using the N 89 data, Birley et al. (2006) showed that heritabilities of EPQ neuroticism were higher for EPQ-R than the subset EPQ-R-S questions. The lowest heritability was for the NEO scale (N 02 ) measure of neuroticism, which may reflect that some questions investigate angry hostility, self-consciousness, impulsiveness, and vulnerability, as well as anxiety and depression. In this study, the heritability of N 80 was estimated to be .36, which is a narrow sense heritability. Previously, the heritability for the N 80 data set has been reported as .46 (Birley et al., 2006) . This higher estimate is a broad-sense heritability, resulting from the inclusion of MZ twins whose correlation was higher (more than the expected twice) than that of the DZ twins. The N 80 , N 89 , and N 02 heritabilities reflect twice the averaged full-sibling and parent-offspring correlations. The ascertainment for N 99 resulted in high full-sibling correlations, but the multivariate REML analysis accounted for the ascertainment, and the estimated heritability is similar to the other EPQ measures. Where parents have been measured, the parent-offspring and sibling correlations are similar, arguing against dominance genetic effects, and confirming the lack of common environmental effects between siblings. In general, correlations between family members of the same sex (same sex siblings, mother-daughter, father-son), were higher than correlations between members of the opposite sex (male-female siblings, father-daughter, mother-son), implying some sex specific genetic variation, which has been 'averaged' in the estimates of heritability.
The only other study that has examined genetic and phenotypic stability of neuroticism reported higher heritabilities in late adolescence (54%, same for both sexes) compared to later ages (42% in females and 31% in males). The current study is not designed for looking at a trend in heritability with age. First, most participants were well into adulthood (mean age > 30, 11% of individuals measured for N 02 were also measured for N 80 ). Thirdly, heritability is measured using all genetic relationships (i.e., parent-offspring and siblings), so many ages are represented in each measure, an approach which ensured maximum power for the estimation of the genetic correlations. Finally, the lower heritability of the last measure is confounded with measurement instrument. Genetic correlations between neuroticism measures were all very high (mean .90), despite intervals of up to 22 years between measures, and showed no trend over time. In contrast, the residual (unique environment) errors had much lower correlations, implying that most of the influences of environmental events on neuroticism scores are not permanent, although there is a clear trend, declining with time. Formal comparison of the full model, in which all parameters were estimated freely, compared with the more parsimonious repeated measures model, which forced equal additive genetic variance for all measures and all genetic correlations to be 1.0, demonstrated that the more parsimonious model could not be rejected. This is perhaps surprising, given that the heritabilities range from .26 to .36, with standard errors of the order of .04. The result can be explained by the structure of the data, particularly the number of individuals with each pairwise combination of measures. The N 89 measure is available on a much larger number of people, and so the number of individuals with both N 89 and another measure is higher than for other pairwise combinations. The estimate of heritability of the N 89 measure is intermediate (.28 ) to the other estimates, and bivariate analyses of N 89 with each of the other measures confirmed that the repeated measures model could not be rejected. These results imply that despite the use of different instruments for the measurement of neuroticism (EPQ-R, EPQ-R-S and NEO), and despite the long time frame between questionnaires, the measures in our study samples can be considered as repeated measures of the same underlying trait.
This study is preliminary to genetic linkage and association studies in which we wish to maximize power by use of multiple measures and maximum sample size. The high genetic correlations, but low residual correlations, highlight the value of utilizing information from multiple measures. Our analysis justifies the use of the repeated measures model for genetic linkage and association analyses. Use of multiple measures increases the effective heritability from .30 for a single measure to .43 for mean score. where E ij is a matrix of zeros with a 1 at position (k,l) if the kth person measured for trait i is the same as the lth person measured for trait j. The error (or residual) variance for measure i is σ 2 ei and r eij is the correlation between residual values of neuroticism measures i and j. Covariances between the unique environments of different individuals are assumed to be null. Variances and correlations are estimated after iterative maximization of the residual likelihood. Variance-covariance matrices were constrained to be positive definite. From estimated variances and correlations, heritabilities and phenotypic correlations were calculated. The use of ASReml for genetic analysis is standard is plant and animal genetics but has been used by other authors in human genetic analyses (Macgregor et al., 2003; Visscher et al., 2004; Visscher et al., 1999) .
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